Phylogenetic relationships among major subfamilies in Poaceae and among major tribes within Panicoideae were evaluated using parsimony and Bayesian analyses of chloroplast trnL-F and atpβ-rbcL DNA sequences and a nuclear ribosomal DNA sequence, ITS1-ITS2. The PanicoideaeAristidoideae-Chloridoideae-Micrairoideae-Arundinoideae-Danthonioideae (PACMAD) clade was well resolved. A close relationship between Aristidoideae and Chloridoideae was found. The monophyly of Micrairoideae was resolved but the relationships of three tribes (Eriachneae, Isachneae, Micraireae) within Micrairoideae were unclear, only Eriachne and Isachne were monophyletic. Panicoideae sensu stricto were supported as monophyletic and sister to a clade of Danthoniopsis and Tristachya. Within Panicoideae, only a clade of Andropogoneae + Arundinella + Garnotia was supported. None of the analyses supported the monophyletic status of Paniceae. Within Paniceae, the bristle clade (excluding Cenchrus) + Alexfloydia, and the forest shade clade sensu Giussani et al. (2001) , were found, but their circumscription remains ambiguous. A sister relationship between the endemic and rare Australian grasses Homopholis and Walwhalleya was also resolved. Arundinelleae were found to be polyphyletic. This study supported the separation of Arundinella and Garnotia from the remaining Arundinelleae and the inclusion of both genera in their own subtribes (Arundinellinae Honda sensu stricto and Garnotiinae Pilger) within the Andropogoneae. Arundinelleae should be abandoned as a taxonomic tribe within the Centothecoid + Panicoid clade. Within Andropogoneae, five out of a total of 11 subtribes (Chionachninae, Coicinae, Dimeriinae, Germainiinae, and Tripsacinae) were monophyletic. This was the first time that Dimeriinae and Germainiinae have been included in a molecular study. † Deceased November 26 2009.
Introduction
Panicoideae are one of the biggest subfamilies in Poaceae, comprising approximately 3,000 species and 200 genera (GPWG 2001) . Although Panicoideae are highly diverse, all members can be grouped on the basis of the presence of two-flowered spikelets with male or sterile lower florets (Clayton & Renvoize 1986 , Kellogg 2000 and simple type starch grains in the endosperm (Tateoka 1962) . These spikelet and starch grain types were described as uniquely-derived characters by Kellogg and Campbell (1987) . The monophyly of Panicoideae has also been verified by many molecular studies using chloroplast and nuclear DNA (e.g., Barker et al. 1999 , Gomez-Martinez & Culham 2000 , Giussani et al. 2001 , GPWG 2001 , Aliscioni et al. 2003 , Bouchenak-Khelladi et al. 2008 , Christin et al. 2008 , Vicentini et al. 2008 , Edwards & Smith 2010 . In the widely used classification system of Clayton and Renvoize (1986) , Panicoideae were split into seven tribes: Andropogoneae, Paniceae, Arundinelleae, Isachneae, Hubbardieae, Steyermarkochloeae and Eriachneae. Subsequently, Panicoideae were divided into two groups using phenetic analyses: the Andropogoneae + Garnotieae group and the Paniceae + Isachneae + Arundinelleae group of Hilu and Wright (1982) and the supertribes Panicodae and Andopogonodae of Watson and Dallwitz (1992 onwards) . More recent phylogenetic analyses have resolved six tribes in Panicoideae because Eriachneae were placed outside Panicoideae as incertae sedis (GPWG 2001) . Two tribes, Eriachneae and Isachneae, were placed together with Micraireae in a new subfamily Micrairoideae ).
Over the past few decades, members of Arundinelleae have been included in several phylogenetic analyses. According to the morphological phylogenetic reconstruction of Kellogg and Watson (1993) , Arundinelleae (excluding Garnotia) were monophyletic. In contrast, several analyses of DNA sequences resolved Arundinelleae as polyphyletic and suggested that its delimitation should be reconsidered (Barker et al. 1999 , Hilu et al. 1999 , Spangler et al. 1999 , GPWG 2001 , Bouchenak-Khelladi et al. 2008 , Christin et al. 2008 , Vicentini et al. 2008 ).
Andropogoneae are one of the two major tribes in Panicoideae. Based on morphology, this group of tropical grasses is well-defined containing more than 900 species with extensive morphological variation among its members (Clayton & Renvoize 1986 , GPWG 2001 . Two widely used classifications of Andropogoneae come from the studies of Clayton and Renvoize (1986) and Watson and Dallwitz (1992 onwards) . Andropogoneae were found to be non-monophyletic in the morphology based phylogenetic reconstruction of Kellogg and Watson (1993) . Molecular data, on the other hand, consistently supported the monophyly of Andropogoneae as circumscribed by Clayton and Renvoize (1986) , and also supported the sister relationship of Andropogoneae to Arundinella (e.g., Spangler et al. 1999 , Mathews et al. 2002 , Bomblies & Doebley 2005 , Christin et al. 2008 , Vicentini et al. 2008 . Even though many molecular results have supported the monophyly of the tribe, the identity and relationships of its subtribes are not well understood. Recent phylogenetic analyses have suggested that the short branches along the backbone of their trees and the concentration of nucleotide changes on terminal branches in the Andropogoneae clade have been caused by a rapid evolutionary radiation near the base of the clade (Kellogg 2000 , Mathews et al. 2002 , Skendzic et al. 2007 . Many of these studies suggested that better sampling of lineages within the tribe, or the addition of more phylogenetic characters (more nucleotides), may help to resolve the relationships.
The major objective of this study was to improve phylogenetic understanding within Panicoideae and among subfamilies in the PACMAD clade by increasing the sampling of taxa and by using plastid (trnL intron, trnL-F intergenic spacer, and the atpβ-rbcL intergenic spacer) and nuclear (ITS) DNA sequences separately and in combination. The atpβ-rbcL spacer was used for the first time to study inter-relationships of taxa within this group of plants. It also aimed to apply the results of the molecular phylogenies to taxonomy by testing the infra-subfamilial classification proposed by several authors. More specifically, it aimed to: (1) resolve major groupings within Panicoideae and investigate their inter-relationships, (2) investigate the monophyly of tribes of Panicoideae sensu Clayton and Renvoize (1986) and (3) investigate the subtribal classification of Andropogoneae.
Material and Methods

Taxonomic sample
The majority of the materials were collected during our expeditions within several regions of Thailand, South America and Australia. Leaf material was dried with silica gel to rapidly desiccate the material and reduce DNA degradation before extraction (Chase & Hills 1991) or with the alternative preservative solution of saturated CTAB to reduce degradative changes affecting the quality of DNA (Thomson 2002) . A few samples were taken from herbarium specimens and some DNA was available in the Botany Molecular Laboratory, Trinity College, Dublin and the Royal Botanic Gardens, Kew, England, U.K. The sample of species presented in this study relied greatly on the Old World grasses, especially the panicoid group. Additional taxa of other subfamilies from the New World and Australasia were also included. Five out of a total of seven tribes of Panicoideae sensu Clayton and Renvoize (1986) were sampled. The number of panicoid species presented here is considerably larger than most molecular studies to date. However, representatives of the two small tribes, Steyermarkochloeae and Hubbardieae, were not included due to the lack of material suitable for DNA extraction. In total, 132 taxa from six subfamilies sensu Clayton and Renvoize (1986) , including 10 other taxa of subfamilies Centothecoideae, Arundinoideae and Chloridoideae, and five tribes of Panicoideae and all subtribes of Andropogoneae were sampled. This was the first time that Dimeriinae and Germainiinae have been included in a molecular study (Appendix 1). Five grasses from Ehrhartoideae and Pooideae were chosen as outgroup taxa, according to the results of GPWG (2001) and Bouchenak-Khelladi et al. (2008) . For the trnL-F region, 13 taxa out of a total of 129 taxa were downloaded from GenBank (http://www.ncbi.nlm.nih.gov). For the atpβ-rbcL region, we sequenced 122 taxa and downloaded five sequences from GenBank. For the ITS region, 127 taxa were sampled, including 27 sequences from GenBank. In total, 124 taxa were included in the combined dataset.
DNA extraction, amplification and sequencing
Total genomic DNA (tDNA) was extracted using a modified hot CTAB (hexadecyltrimethylammonium bromide) method of Doyle and Doyle (1987) as outlined in Hodkinson et al. (2007b) . The extractions used 0.2 g of dried leaf or 0.3 g of material obtained from herbarium specimens. The extract was precipitated using isopropanol and kept at -20 ºC overnight or for three weeks to increase precipitation Teerawatananon, Jacobs and Hodkinson in the case of herbarium specimens. The total DNA samples were then washed and purified with 70 % ethanol and further purified by using JETquick spin columns (GENOMED-GmbH, Löhne, Germany). The DNA was then transferred into a 1.5 ml micro-centrifuge tube and stored at -20°C until used or at -80 ºC for longer periods. The Polymerase Chain Reaction (PCR) was used to amplify two regions of chloroplast genome DNA, trnL-trnF and atpβ-rbcL, and one region of nuclear ribosomal DNA, ITS. The trnL intron and trnL-F intergenic spacer were amplified as a single fragment using the 'c' and 'f ' primers of Taberlet et al. (1991) , the atpβ-rbcL region with the primers of Samuel et al. (1997) and the ITS region using the 17SE and 26SE primers of Sun et al. (1994) . All of the amplifications were carried out in an Applied Biosystems GeneAmp® PCR System 9700 thermal cycler. The amplification of the target fragment began with an initial pre-melt at 94° C for 1 min, followed by 29 cycles of denaturation at 95°C for 45 s, annealing at 50°C for trnL-F or 52°C for atpβ-rbcL and ITS for 45 s, and extension at 72°C for 2 min. A final extension at 72°C for 7 min was also included. All successful PCR products were purified using the same procedure as the total DNA purification but using sterile ultra pure water as the elution buffer. DNA was sequenced using BigDye Terminator v. 1.1 cycle-sequencing kits (Applied Biosystems) and an Applied Biosystems 310 automated DNA sequencer.
Phylogenetic analyses
Full sequences of all taxa listed in Appendix 1 were obtained. DNA sequences were checked and aligned by inserting gaps manually using Se-Al v. 2.0a11 (Rambaut 1996) following the guidelines of Kelchner (2000) and Baldwin et al. (1995) for the ITS matrix. Gaps smaller than 10 bp were coded as missing data, unless they were found in regions where there was an obvious tandemly arranged duplication in one sequence that was clearly due to a single mutation (a duplication). Such duplications were scored as only one character in the subsequent phylogenetic analyses. Gaps larger than 10 bp were excluded from the analyses. For the ITS matrix, some taxa had some polymorphic nucleotide sites and at these sites the dominant peak was chosen or alternatively the site was excluded from the matrix if a single dominant peak was not present. The aligned sequences were imported into PAUP* v.4.0b10 (Swofford 2002) .
Maximum parsimony (hereafter MP) analyses of the final matrix were performed using the heuristic search algorithms of PAUP* with 1,000 replicates of random addition sequence (holding 20 trees at each replication) and with tree bisection reconnection branch swapping on multiple trees. Clade support was examined using 1,000 bootstrap replicates (Felsenstein 1985) with the same settings as the initial heuristic search but with simple sequence addition instead of random sequence addition. Bayesian inference (hereafter BI) of the phylogeny was performed using MrBayes version 3.2 (Huelsenbeck & Ronquist 2001) . The appropriate nucleotide substitution models for BI analysis were chosen using hierarchical likelihood ratio tests as implemented in MODELTEST 3.06 (Posada & Crandall 1998) . The three datasets, two plastid and one nuclear, showed the same best-fit nucleotide substitution model (GTR + G + I). Four parallel Markov chain Monte Carlo (MCMC) chains were run for 25,000,000 generations with trees sampled every 1,000 generations, and 25% of trees were discarded as burn-in.
Results
Analyses of the combined dataset
The matrix used for the combined analysis was obtained from trnL-trnF, atpβ-rbcL and ITS sequences. The final aligned matrix was 3,348 bp long; 969 characters were constant, 288 were variable but parsimony-uninformative, and 682 characters were parsimony-informative. The tree search using maximum parsimony generated 687 equally most parsimonious trees of 4,330 steps with consistency index (CI) of 0.365 and retention index (RI) of 0.626. Bootstrap percentages (hereafter BP) are described as low (50-74 BP), moderate (75-84 BP) and high (85-100 BP). The MP analysis produced a topology that was congruent with the tree obtained from the BI analysis. By this we mean that there were no strongly supported groups in one analysis that were incongruent with strongly supported alternative groupings in the other analysis (no hard incongruence; following Reeves et al. 2001) . The tree illustrated in Figure 1 is the Bayesian tree with the posterior probability (PP) values obtained from the BI analysis and with bootstrap percentages from the separate MP bootstrap analysis. The tree is largely consistent with the combined plastid tree (Appendix 2, Fig. S1 ) and the ITS tree (Appendix 2, Fig. S2 ). We therefore base discussion of our results on the combined tree but occasionally refer to the supplementary information where appropriate.
The PACMAD clade was strongly supported (99 BP, 1.00 PP). Aristida (Aristidoideae) was sister to Chloridoideae (support for the monophyly of this subfamily was 81 BP, 1.00 PP) with 100 BP and 0.96 PP. The position of this clade was unresolved in the BI tree but it was sister to a Micrairoideae clade, consisting of a monophyletic Eriachneae (100 BP, 1.00 PP) and an unresolved Isachneae (as the position of Coelachne was unresolved), in the strict consensus tree of the MP analysis (not shown). In the BI tree the Micrairoideae clade was sister to Arundo with 0.92 PP, but unresolved relative to Danthonioideae, Chloridoideae and a clade represented by the rest of the grasses. The PACCMAD group (including "Centothecoideae", in contrast to PACMAD) was not supported because Centothecoideae were paraphyletic with Panicoideae. However, support for the monophyly of a Centotheca + Thysanolaena clade was high (99 BP, 1.00 PP). This reduced centothecoid clade was sister to a lineage, containing ((Panicoideae + Arundinelleae) + Chasmanthium) with 1.00 PP in the BI analysis, or was sister to a lineage consisting of Panicoideae + Arundinelleae, in the strict consensus tree of the MP analysis (not shown).
Arundinelleae were polyphyletic because Arundinella and Garnotia were included within Panicoideae (69 BP, 1.00 PP), while Danthoniopsis and Tristachya were grouped together with low support (55 BP, 0.94 PP) and were placed as the next most outlying branch to the rest of Panicoideae. Paniceae were not supported or retrieved in the strict consensus tree in the MP analysis, but the BI analysis resolved the monophyly of Paniceae with 0.66 PP. None of the subtribes of Paniceae sensu Clayton and Renvoize (1986) were found to be monophyletic.
The combined dataset analyses supported two genera of Paniceae as monophyletic: Pennisetum (74 BP, 1.00 PP) and Sacciolepis (100 BP, 1.00 PP). The Pennisetum clade was sister to Setaria (51 BP, 0.71 PP). This clade was sister to a group consisting of Alexfloydia and Spinifex (support for the monophyly of this clade was 90 BP, 1.00 PP) with strong support (100 BP, 1.00 PP). Homopholis was sister to Walwhalleya (57 BP, 1.00 PP). Cyrtococcum, Pseudoechinolaena, and Acroceras were grouped together (57 BP, 1.00 PP) and sister to Ottochloa (< 50 BP, 0.96 PP). The clade consisting of Cenchrus, Ichnanthus, Panicum auritum and Paspalum was also resolved with high support (100 BP, 1.00 PP).
Andropogoneae and a Garnotia clade (100 BP, 1.00 PP) were grouped together with 0.92 PP. This clade was sister to an Arundinella clade (100 BP, 1.00 PP) with strong support (99 BP, 1.00 PP). Within Andropogoneae, five subtribes: Chionachninae, Coicinae, Dimeriinae, Germainiinae and Tripsacinae (according to Clayton & Renvoize 1986 ), were monophyletic with 74, 92, 100, 99 and 100 BP, respectively (all with 1.00 PP). The relationships between the monophyletic subtribes and the rest of Andropogoneae were unclear, except Dimeriinae and Tripsacinae. Dimeriinae had Ischaemum indicum and I. muticum as its successively sister taxa with 54 BP, 0.86 PP and 66 BP, 1.00 PP, respectively. Tripsacinae were sister to the clade consisting of Eremochloa and Garnotia (83 BP, 1.00 PP) with low support (< 50 BP, 0.71 PP). Four out of a total of seven taxa from Rottboelliinae (Hackelochloa, Hemarthria longiflora, H. partensis and Mnesithea) were grouped with 0.99 PP. The monophyly of Arthraxon was resolved (100 BP, 1.00 PP). This clade was united with Thelepogon (50 BP, 0.75 PP). The monophyletic Hyparrhenia (88 BP, 1.00 PP) was sister to Andropogon gerardii (67 BP, 0.97 PP). This clade was grouped together with Andropogon ascinodis, Cymbopogon, and Schizachyrium (76 BP, 1.00 PP). A clade consisting of Bothriochloa, Capillipedium and Dichanthium was resolved (91 BP, 1.00 PP). The analysis also resolved the monophyly of Themeda with 53 BP and 1.00 PP.
Discussion
PACMAD Clade
It is clear that the PACMAD clade, including Panicoideae sensu stricto (excluding Isachneae, Eriachneae and Arundinelleae, but including Arundinella and Garnotia), Arundinoideae, Chloridoideae, Micrairoideae sensu , Aristidoideae and Danthonioideae, is monophyletic. It is also robustly supported based on molecular data by previous studies (e.g., Giussani et al. 2001 , GPWG 2001 , Christin et al. 2008 , Edwards & Smith 2010 . Not all of these studies included representatives of each of the PACMAD subfamilies, but in combination they consistently grouped these taxa together. All members of this clade also have several apparently synapomorphic morphological or anatomical characters, such as the presence of an elongated mesocotyl internode and the loss of the epiblast (GPWG 2001) . Within the PACMAD clade, the relationships among the six subfamilies were largely unresolved. The representatives of subfamily Centothecoideae (Centotheca, Chasmanthium and Thysanolaena) did not form a monophyletic group. Only Centotheca and Thysanolaena were grouped together with high support (99 BP, 1.00 PP). This relationship was also found in the studies of Bouchenak-Khelladi et al. (2008) and Christin et al. (2008) . The grouping of members of Centothecoideae with the monophyletic Panicoideae is consistent with previous studies (Sánchez-Ken & Clark 2001 , Bouchenak-Khelladi et al. 2008 . We therefore prefer to use the acronym PACMAD instead of PACCMAD, following Duvall et al. (2007) . Micrairoideae, including Eriachneae and Isachneae, were monophyletic with strong support (100 BP, 1.00 PP), a finding consistent with previous studies (Duvall et al. 2007 ). However, the position of Micrairoideae within the PACMAD clade was not clear. The monophyly of Micrairoideae sensu with Eriachneae, Isachneae and Micraireae, was not well supported (< 50 BP) in the ITS analysis (S2, supplementary information). We can deduce some patterns from the MP analyses of single DNA regions. A strict consensus tree of these would reveal: (((Eriachne + Isachne) + Coelachne) Micraira).
The monophyly of Eriachne, as found in the previous study by , was consistently resolved and well supported (100 BP, 1.00 PP). Clayton and Renvoize (1986) noted that Eriachneae, consisting of Eriachne and Pheidochloa, closely resembles Isachneae, in the number of fertile florets and in the induration of lemmas with inrolled margins, but differs in having awned lemmas and Kranz anatomy. Isachneae, represented by Coelachne and Isachne, were non-monophyletic due to the exclusion of Coelachne (Figs. 1, S1 ). However, the result supported Isachne as monophyletic (100 BP, 1.00 PP). Morphologically, Isachneae, including Coelachne, Heteranthoecia, Isachne, Limnopoa and Sphaerocaryum, are characterised by having two fertile disarticulating florets and by their non-Kranz anatomy. Clayton and Renvoize (1986) suggested that Isachneae were most likely to be derived from Panicum based upon close morphological similarities of spikelets between Isachne and Panicum sect. Verruculosa. However, these similarities were found to be homoplasies by .
Panicoideae sensu stricto (excluding Isachneae, Eriachneae and Arundinelleae, but including Arundinella and Garnotia) were supported as monophyletic (69 BP, 1.00 PP). Within the Panicoideae only the ((Andropogoneae + Garnotia) + Arundinella) clade (99 BP, 1.00PP) can be identified. This finding is inconsistent with some previous studies in which Panicoideae were made up of three major clades, comprising Andropogoneae, Paniceae [x=10] and Paniceae [x=9] (e.g., Gomez-Martinez & Culham 2000 , Giussani et al. 2001 , Aliscioni et al. 2003 , Vicentini et al. 2008 . The failure to retrieve this topology could be due to uneven sampling among the clades.
Unfortunately, no DNA samples from two small tribes (monotypic Hubbardieae and the two genera of Steyermarkochloeae) were available in this study. Based on morphological data, Hubbardia, which was distinguished by the absence of paleas, was apparently derived from Isachneae (Clayton & Renvoize 1986 ) sharing similarities in spikelet structure, the disarticulation of the florets above the glumes and the C 3 photosynthetic pathway. Steyermarkochloeae are comprised of two extraordinary genera, Steyermarkochloa and Arundoclaytonia. Based on leaf blade anatomy, Davidse and Ellis (1984) first suggested that Steyermarkochloa was similar to an arundinoid grass such as Gynerium (now placed within the Panicoideae + Centothecoideae clade, Sánchez-Ken & Clark 2001), Arundo, Phragmites and Thysanolaena (now Centothecoideae, GPWG, 2001). However, it was later transferred to be under Panicoideae because Steyermarkochloa is morphologically distinct from arundinoid grasses in almost all characters of leaves, inflorescences, spikelets and flowers (Clayton & Renvoize 1986) . Although Arundoclaytonia showed no anatomical resemblance with the panicoid grasses, it was included in Steyermarkochloeae on the basis of spikelet morphology (Davidse & Ellis 1987) . Recent phylogenetic study showed that Arundoclaytonia was grouped outside the Panicoideae clade. It was placed as sister to the PACMAD clade (Sánchez-Ken & Clark 2007).
Tribes of Panicoideae
Paniceae
A clade, consisting of Alexfloydia and three bristle clade taxa (Pennisetum, Setaria and Spinifex) was found to be monophyletic with high support (100 BS, 1.00 PP). Interestingly, Alexfloydia, a rare Australian grass, was placed in the bristle clade. It is a non bristle-bearing genus not included in any previous analyses. Some previous studies have also found non-bristle bearing taxa in the bristle clade (Gomez-Martinez & Culham 2000 , Giussani et al. 2001 , Aliscioni et al. 2003 , Bess et al. 2005 , Doust et al. 2007 ; O. Morrone, Instituto de Botánica Darwinion, Argentina, 'pers. comm.'). Surprisingly, one of the bristle-bearing genera, Cenchrus (represented by a single taxon, C. incertus), was not grouped within this clade but was positioned within the clade that corresponds to x=10 Paniceae, represented in this study by Ichnanthus, Paspalum and Panicum auritum, with high support (100 BP, 1.00 PP). Other Cenchrus species were previously placed in the bristle-clade of the x=9 Paniceae (Doust et al. 2007 , Christin et al. 2008 , Vicentini et al. 2008 , which suggests that this genus may be polyphyletic, but future studies are needed to test this hypothesis. Within the bristle clade, Pennisetum was monophyletic (74 BP, 1.00 PP). However, previous studies have found that Pennisetum was paraphyletic and always forms a monophyletic assemblage with Cenchrus (Giussani et al. 2001 , Doust & Kellogg, 2002 , Doust et al. 2007 , Donadio et al. 2009 ).
The forest shade clade, as defined by Giussani et al. (2001) , was also resolved in this study (0.96 PP) with Acroceras, Ottochloa, Pseudechinolaena and a new member, Cyrtococcum. However, the monophyly of the forest shade clade, which was supported in other recent studies (Christin et al. 2008 , Ibrahim et al. 2009 ), remained only moderately supported and ambiguous in our analyses (Figs 1, S1 & S2).
Homopholis and Walwhalleya, endemic grasses from Queensland, Australia, were grouped together (57 BP, 1.00 PP). This grouping is inconsistent with the morphological phylogenetic trees of Wills et al. (2000) in which three members of Walwhalleya formed a monophyletic group and were sister to the clade consisting of Digitaria and Panicum, while Homopholis was well-supported as the most outlying member of the ingroup. The monotypic and endangered genus Homopholis was previously placed within section Digitariastrae under Paniceae, and considered to be closely related to Digitaria, but differing in its well developed lower glumes and comparatively small fertile florets (Clayton & Renvoize 1986 ). However, this relationship was not supported by either the morphological study of Wills et al. (2000) or by the present molecular data although the topology here was only weakly supported.
Sacciolepis was also resolved as monophyletic with high support (100 BP, 1.00 PP), but its position was uncertain. Previously, Sacciolepis, represented by S. indica, was nested within the clade consisting of Panicum section Monticola, clade-Parvifolia clade-Verrucosa (Aliscioni et al. 2003 , Vicentini et al. 2008 . Aliscioni et al. (2003) also suggested that the inclusion of Sacciolepis within this Panicum clade was doubtful because no apparent morphological relationship exists between Sacciolepis and those sections or groups. Sacciolepis comprising of c. 30 species is widely distributed in the tropics, especially in Africa. It is a distinctive genus and differs from the rest of Paniceae by the presence of spiciform panicle, with ribbed glumes and gibbous upper glumes (Clayton & Renvoize 1986 ). Teerawatananon, Jacobs and Hodkinson 
Arundinelleae
Arundinelleae were polyphyletic and split into three clades: (1) an Arundinella clade (100 BP, 1.00 PP), which was sister to Andropogoneae, (2) a Garnotia clade (100 BP, 1.00 PP), which was embedded within Andropogoneae as sister to Tripsacinae (99 BP, 1.00 PP), and (3) a clade of Danthoniopsis + Tristachya (55 BP, 0.94 PP), which was sister to Panicoideae (52 BP, 0.94 PP). The grouping of Danthoniopsis and Tristachya was consistent with , while the sister group relationship between Danthoniopsis + Tristachya clade and the panicoid clade can be interpreted as a novel result. However, this finding should be interpreted with care because some species of Tristachya have been placed within the Andropogoneae with high support (e.g., Hilu et al. 1999 , Bouchenak-Khelladi et al. 2008 ).
Based on morphological characters, Arundinelleae taxa have the unique feature of the two-flowered spikelet with male or sterile lower floret and a bisexual upper floret. However, Arundinelleae differ from other panicoids in having a spikelet with a persistent glume (except Garnotia) (Clayton & Renvoize 1986 , Renvoize & Clayton 1992 . The non-monophyly of Arundinelleae has been reported in other phylogenetic analyses (e.g., Barker et al. 1999 , Hilu et al. 1999 , Spangler et al. 1999 , GPWG 2001 , Bouchenak-Khelladi et al. 2008 . Therefore, the unique Arundinelleae sensu lato. morphological characters are most likely homoplasious. The classification at the generic level of Arundinelleae sensu lato is complex (Phipps 1966 , Clayton & Renvoize 1986 ) but, on the basis of anatomy, its taxa can be divided into two types, the non-Kranz type or C 3 pathway in Chandrasekharania and Jansenella and the Kranz MS type or C 4 pathway in the rest of the tribe (Clayton & Renvoize 1986 ). It would be interesting to include those two genera in further analysis, especially Jansenella which was found as a morphologically intermediate taxon between Arundinella and Danthoniopsis (Bor 1955 , Clayton & Renvoize 1986 , Teerawatananon & Hodkinson 2008 ).
Arundinella and Garnotia
The results from the combined dataset supported the separation of Arundinella and Garnotia from the remaining Arundinelleae, and suggested that Arundinella and Garnotia could better be placed in their own subtribes (Arundinellinae Honda sensu stricto and Garnotiinae Pilger) within Andropogoneae and that Arundinelleae sensu lato should be abandoned as a taxonomic group. Although the appearance of Garnotia within Andropogoneae was previously demonstrated by the cluster analysis of Hilu and Wright (1982) , the inclusion of Garnotia in Andropogoneae is a novel result overlooked by previous phylogenetic studies (e.g., Barker et al. 1999 , Hilu et al. 1999 , Spangler et al. 1999 , GPWG 2001 , Bouchenak-Khelladi et al. 2008 ) probably due to lack of Garnotia DNA samples. Arundinella was sister to Andropogoneae + Garnotia (99 BP, 1.00 PP). However, the position of Garnotia within Andropogoneae, relative to other subtribes was unclear. The Garnotia clade was found to be sister to Eremochloa (83 BP, 1.00 PP) but there is no obvious shared morphology. Morphologically, Arundinella differs from the rest of Arundinelleae in having a membranous ligule, a scabrid upper lemma and a punctiform hilum, while Garnotia is distinguished by its single-flowered spikelets that disarticulate below the glumes (Clayton & Renvoize 1986 ). Both genera differ from the rest of the tribe by having a punctiform hilum and a membranous ligule (Clayton & Renvoize 1986 ). Anatomically, Arundinella and Garnotia are C 4 taxa but have isolated vascular bundle sheath cells (which were called distinctive cells or auxillary bundle cells), and auriculate paleas (Tateoka 1958 , Clayton & Renvoize 1986 , Renvoize & Clayton 1992 . On the basis of our results these shared characters are homoplasious as Arundinella and Garnotia were not grouped together.
Andropogoneae and its subtribal classification
Andropogoneae were found to be monophyletic only if Garnotia was included (<50 BP, 0.92 PP) and this clade was united with Arundinella (99 BP, 1.00 PP) (Fig. 1) . Within the tribe, none of the phylogenetic trees were consistent with the awned/awnless classification proposed by Clayton (1972 Clayton ( , 1973 . This hypothesis was supported by the molecular study of Mathews et al. (2002) , but no strong evidence for this clade was found. It is clear that the subtribal classification of Clayton and Renvoize (1986) requires considerable revision (Kellogg 2000 , Mathews et al. 2002 even though some subtribes (Chionachninae, Coicinae, Dimeriinae, Germainiinae and Tripsacinae) were supported as monophyletic in our study.
Chionachninae, Coicinae and Tripsacinae
All monoecious taxa of Andropogoneae were traditionally placed in Maydeae (Bentham 1882 , Hackel 1889 , Watson & Dallwitz 1992 onwards, Kellogg & Watson 1993 . However, Maydeae were divided into three subtribes, Chionachninae, Coicinae and Tripsacinae by Clayton (1973) and Clayton and Renvoize (1986) using the difference of inflorescences and spikelets based mainly on the different origin of the bead-like feature of female spikelets (Clayton & Renvoize 1986 ). In Chionachninae this structure is formed by a lower glume, while in Coicinae it is modified from a spatheole. These two subtribes completely differ from Tripsacinae in having paired female spikelets and the inflorescence rachis is broader than their spikelets.
In this study, Chionachninae, represented by Chionachne massiei, Polytoca digitata and P. wallichiana, were supported as monophyletic (74 BP, 1.00 PP). Polytoca wallichiana was first proposed under the name Cyathorhachis wallichiana by Steudel (1854) . It was transferred to be Polytoca by Bentham (1882) . Recently, the name Cyathorhachis was reinstated by Jannink and Veldkamp (2002) . However, P. digitata and P. wallichiana are morphologically similar in many respects. The low level of genetic divergence between these two taxa also confirmed that P. wallichiana should be placed within Polytoca rather than Cyathorhachis. Morphologically, Chionachninae were found to be polyphyletic by Kellogg and Watson (1993) in which Polytoca was grouped together with Tripsacinae, while Chionachne was placed outside this clade. Clayton and Renvoize (1986) and Renvoize and Clayton (1992) suggested that Chionachninae are linked to Rottboelliinae by the appearance of the peg and the socket callus joints of sessile spikelets. This relationship was not supported by this study.
The monophyly of Coix (Coicinae) was demonstrated by Bomblies and Doebley (2005) and was also resolved with high support by this study (92 BP, 1.00 PP) as the Australian C. gasteenii grouped with the widespread C. lacryma-jobi. Morphologically, the highly modified inflorescence of the monotypic Coicinae is composed of paired unisexual racemes. Female racemes are hidden in an indurated utricle which is derived from a spatheole. These extraordinary modifications confirmed the separation of Coicinae from the remaining monoecious taxa and indicated a possible link with Apluda and Coicinae (Clayton & Renvoize 1986 , Renvoize & Clayton 1992 . However, this debate remains unresolved based on molecular data.
Our study strongly supported the monophyly of Tripsacinae (100 BP, 1.00 PP). Species of this subtribe -Zea mays and wild species of Zea and Tripsacum -were grouped together (Clayton 1973 , Clayton & Renvoize 1986 , Watson & Dallwitz 1992 onwards, Kellogg 2000 . Tripsacinae were also found to be monophyletic and closely related to Rottboelliinae and Chionachninae in all molecular studies to date (e.g., Spangler et al. 1999 , Mathews et al. 2002 , Bomblies & Doebley 2005 . A sister-group relationship between Tripsacinae and Rottboelliinae was not found in our study, but our combined dataset showed that Tripsacinae were grouped together with the clade consisting of Garnotia clade + Eremochloa with low support (< 50 BP, 0.71 PP). There is no obvious morphological character to arrange these taxa together.
Germainiinae
Germainiinae, represented by Apocopis and Germainia, were highly supported (99 BP, 1.00 PP). These taxa have not been combined in phylogenetic analyses before. This novel clade is incongruent with the morphological phylogenetic trees of Kellogg and Watson (1993) . Within Germainiinae, Apocopis was monophyletic (98 BP, 1.00 PP). The taxa with awned upper lemmas (A. courtallumensis, A. intermedius and A. siamensis) form a clade with moderate support (84 BP, 0.97 PP) and have the awnless upper lemma taxon (A. collinus) is the most outlying species to the rest of Apocopis. However, the monophyly of Apocopis was not supported by the combined chloroplast tree due to the inclusion of G. lanipes (Appendix 2, Fig. S1 ). Germainia was consistently paraphyletic in all analyses. Both MP and BI analyses found that G. khasyana was sister to G. pilosa (94 BP, 1.00 PP), while G. capitata was the next most outlying branch to the rest of Germainiinae.
Dimeriinae
The monotypic Dimeriinae (Dimeria spp.) was strongly supported (100 BP, 1.00 PP). A sister group relationship between Dimeriinae and Ischaeminae was demonstrated by the combined dataset in which Ischaemum indicum and I. muticum were successively sister taxa to a Dimeriinae clade. These relationships are inconsistent with the studies of Clayton and Renvoize (1986) and Kellogg and Watson (1993) . Morphologically, Dimeriinae is unlike the remaining Andropogoneae in having a single pedicelled spikelet with no trace of the pairing (Clayton 1972 ) and hence it is presumably derived from that state (Renvoize & Clayton 1992 ). According to Clayton and Renvoize (1986) , Dimeriinae is linked to Pogonachne in the Ischaeminae through D. leptorhachis but differs by its espatheate inflorescences, racemes with tough rachis, epaleate florets and the presence of two stamens.
Hackelochloa, Hemarthria and Mnesithea
Although Rottboelliinae (with Elionurus, Eremochloa, Hackelochloa, Hemarthria, Mnesithea and Phacelurus) were not found to be monophyletic in this study, three genera, Hackelochloa, Hemarthria and Mnesithea, often grouped together, (< 50 BP, 0.99 PP). The monophyly of Hemarthria was confirmed by the combined dataset (100 BP, 1.00 PP). This clade was found to be closely related to Hackelochloa (69 BP, 1.00 PP). However, no obvious morphological traits support this relationship. The relationship between Hemarthria and Hackelochloa is inconsistent with the morphological studies of Clayton and Renvoize (1986) and Kellogg and Watson (1993) . Morphologically, both genera are placed in Rottboelliinae based on the characters of awnless upper lemmas, thickened internodes and the fused pedicel to internode (Clayton 1973) . Hemarthria can be distinguished from the rest of its subtribe in possessing tough rachis and an oblique basal callus, while Hackelochloa is the only genus in the subtribe having globose sessile spikelets with wingless lower glumes (Clayton & Renvoize 1986 ).
Bothriochloa, Capillipedium and Dichanthium
Three genera, Bothriochloa, Capillipedium and Dichanthium, were found to form a monophyletic group in the combined analysis (91 BP, 1.00 PP) and this clade has also been resolved by previous molecular studies (e.g., Spangler et al. 1999 , Mathews et al. 2002 , Skendzic et al. 2007 ). These three genera are known as an agamic complex and have produced a large number of interspecific and some intergeneric hybrids (Harlan & De Wet 1963 , De Wet & Harlan 1970 . However, this relationship was not supported by most morphological studies of Clayton and Renvoize (1986) , Watson and Dallwitz (1992 onwards) and Kellogg and Watson (1993) and most studies preferred to keep these three genera separate. Morphologically, Dichanthium is closely related to Bothriochloa in having sub-digitate racemes, but can be distinguished by its pedicels and rachis internodes being solid and lacking a translucent median line. The members of Capillipedium are often confused with members of Bothriochloa, but the former differs in having paniculate inflorescences and short racemes often reduced to triads (Clayton & Renvoize 1986 ). Based on molecular data, this clade was previously found to be within the core Andropogoneae (Spangler et al. 1999 , Mathews et al. 2002 , Skendzic et al. 2007 . This relationship was also resolved in this study. The core Andropogoneae (with Andropogon, Coix, Cymbopogon, Heteropogon, Hyparrhenia, Schizachyrium and Sorghastrum) was informally named by Spangler et al. (1999) corresponding to the chromosome number (x) of 20. The core Andropogoneae was later found to be non-monophyletic by Mathews et al. (2002) and Skendzic et al. (2007) due to the exclusion of Coix.
Other genera and unresolved topology
The results from all analyses confirmed the monophyly of Arthraxon (100 BP, 1.00 PP). Morphologically, Arthraxon is distinguished from all other Andropogoneae by its lemmas with a sub-basal awn.
Hyparrhenia was resolved as monophyletic (88 BP, 1.00 PP). Clayton and Renvoize (1986) suggested that Hyparrhenia is closely related to Andropogon and Cymbopogon. This study also found that a Hyparrhenia clade was sister to Andropogon gerardii (67 BP, 0.97 PP). This clade was grouped together with three other taxa, Cymbopogon, Schizachyrium and Andropogon ascinodis (76 BP, 1.00 PP). Themeda was also monophyletic (53 BP, 1.00 PP). Morphologically, Themeda is distinctive among the sampled Anthistiriinae in that its racemes have two large homogamous pairs at the base and upper lemmas are entire. According to Clayton and Renvoize (1986) , the position of Themeda within Anthistiriinae should be between Heteropogon and Iseilema. The relationship between Iseilema and Themeda was also found in the study of Kellogg and Watson (1993) . However, none of our analyses supported this hypothesis.
Although several well supported groups have been identified, the present matrix with three non-coding markers (trnL-F, atpβ-rbcL and ITS) was insufficient to provide enough phylogenetic informative characters to resolve many evolutionary relationships at the intergeneric level in Andropogoneae. There are several reports Teerawatananon, Jacobs and Hodkinson of phylogenetic analyses within the angiosperms that have encountered similar difficulties with resolution due to short lengths of internal branches relative to terminal branches (e.g., Kellogg 2000 , Mathews et al. 2002 , Wortley et al. 2005 ). These patterns have been explained by suggesting that the groups have undergone rapid phylogenetic radiation (and that the phylogenetic signal to resolve the inter-relationships of the lineages has been lost). However, the theory behind such empirical observations and deductions is not well developed or reported (Moore et al. 2007 ). Adding more data and more taxa are the only ways of resolving these difficult groups (Hillis et al. 2003 , Hodkinson et al. 2007a , Pirie et al. 2008 . Choice of gene is also critical and it would be worthwhile sequencing a large number of more slowly evolving genes to reconstruct the phylogenetic patterns inside these clades of Panicoideae (Hodkinson et al. 2007a , Moore et al. 2007 , Pirie et al. 2008 ).
Conclusions and resulting taxonomy
In this study, 42 out of 85 genera of Andropogoneae, representing 11 subtribes, were sampled and sequenced using three non-coding markers from both chloroplast and nuclear ribosomal DNA. We present our taxonomy of Arundinellinae and Garnotiinae: 
